Abstract The allelopathic activity of barley (Hordeum vulgare L. ssp. vulgare) root exudates was studied by comparing their effects on seedling establishment in barley itself and in two weed species, Bromus diandrus Roth. and Lolium rigidum Gaudin, using an original laboratory protocol, named 'seed-after-seed'. In this protocol, the donor and the receiver species of watersoluble allelochemicals are grown one after the other in the same dishes, in conditions reducing resource competition between both species. Growth of all receptive species (weeds and barley) was inhibited in a dose-dependent manner, when using increasing barley seed densities (0, 8, 19 and 25 seeds per Petri dish). In our conditions, the barley varieties and landraces exhibited different allelopathic activities against weeds or barley. The allelopathic potential of the barley root exudates was also dependent on the receiver species. Indeed, the released allelochemicals proved to be more toxic against the weed plants than on barley itself. Furthermore, the toxicity of the allelochemicals increased after their release by roots, between day 0 and day 6. These allelochemicals might contribute to the plant community dynamics and their usefulness as bio-herbicides deserves further consideration.
Introduction
In Tunisia, great brome (Bromus diandrus Roth., syn. Bromus rigidus Roth. subsp. gussonii Parl.) and ryegrass (Lolium rigidum Gaudin) are troublesome grassy weeds that are largely distributed in cereal crops (Souissi et al. 2001; Ben Haj Salah et al. 2005) . Field surveys conducted in the north of Tunisia in 2000 revealed that 82 % of the prospected areas were highly infested by great brome (150-400 plants m 2 ).
The weed reduced wheat yield by 20-50 % and up to 80 % in heavily infested areas, cost to growers up to $1.6 million year -1 (Souissi et al. 2000 (Souissi et al. , 2001 . Great brome is a very competitive weed in the wheat crop by its adaptive life cycle characteristics, especially by earliness in the development cycle, staggered germination, high tillering capacity, and acceleration in the shooting elongation stage (Ben Haj Salah et al. 2005) . Furthermore, the invasion of cereal crops by this weed is also favored by monoculture, the reduction of the cultural techniques and the ineffectiveness of the conventional control methods, especially in the absence of a selective and effective herbicide against this weed (Souissi et al. 2000) . Furthermore, in 1996, a first report has showed that ryegrass (L. rigidum) had evolved resistance to graminicides that were highly effective for its post-emergence control in Tunisian cereal crops (Gasquez 2000; Souissi et al. 2004) .
Allelopathy, including the direct or indirect harmful or beneficial effects of one plant as a donor plant on another as receiver plant by the production of chemical compounds that escape into the environment (Rice 1984) , may provide alternative biological weed control. Indeed, there is an increasing interest in the weed suppressive ability of crops for both organic and conventional farming systems (Mason and Spaner 2006) . Cereal crop plants, such as wheat (Lodhi et al. 1987; Wu et al. 2000a, b) , barley (Overland 1966; Liu and Lovett 1993b; Fujii 2001 ) and rice (Olofsdotter et al. 1999) , have been shown to produce allelochemicals with a capacity to reduce growth of other plant species.
Barley (Hordeum vulgare L. ssp. vulgare) is well known for its allelopathic compounds. Seeds (Liu and Lovett 1993a) , residues (Gubbels and Kenaschuk 1989) or root exudates of this species (Bertholdsson 2004) have been examined for their allelopathic potential against some crop species or weeds. Baghestani et al. (1999) and Ma et al. (1999) showed that barley germplasm contained a wider variety of allelopathic substances than wheat germplasm, including phenolic acids, making barley a nice crop model for the study of allelopathy.
Barley was also found to be autotoxic (BenHammouda et al. 2002) , which can be described as an intraspecific form of allelopathy, by decreasing its own seed germination or seedling development (Putnam 1985) . These studies concluded that barley is prone to a high 'allelopathic risk' in barley-barley cropping sequences (Oueslati et al. 2005) . Autotoxicity in barley crops was described as the repressive effect of their residues, but whether root exudates of intact plants also show some allelopathic effect on barley growth was never studied. Furthermore, to our knowledge, the alloinhibition and autoinhibition activities were never compared by using protocols intended to this aim.
Considerable genetic variation in the allelopathic activity has been found in barley (Hoult and Lovett 1993; Baghestani et al. 1999; Chon and Kim 2004; Oveisi et al. 2008 ). This variability is proposed to be related to variations in the profiles and quantities of secondary metabolites (Ben-Hammouda et al. 1995) . Untill now only 44 compounds belonging to different chemical classes (phenolics, alkaloids, cyanoglucosides, polyamines etc.) have been identified as potential allelochemicals that contribute to the allelopathic effectiveness of barley (Kremer and Ben-Hammouda 2009) . The two alkaloids, gramine and hordenine, were the first allelochemicals proposed to explain the allelopathic effects of barley (Overland 1966; Liu and Lovett 1993b) .
One limitation of allelopathy research, when using living plants, is the use of inadequate experimental designs. Indeed, plant-to-plant interference is a complex combination of competition for water, light and nutrients and of allelopathic chemicals interactions (Qasem and Hill 1989) . Based on these considerations, the allelopathic potential of Tunisian barley root compounds was tested according to two experimental protocols, namely the 'seed-to-seed' where seeds of the allelochemical-donor species are grown together with the receiver species, and a new bioassay named 'seed-after-seed' where the donor and the receiver species of allelochemicals are grown sequentially, minimizing resource competition.
In this study, we addressed the following questions: (a) is the seedling establishment of great brome and ryegrass affected by barley root exudates? (b) do barley root exudates affect barley and weed plants to a similar or contrasting extent? and (c) do the different Tunisian genotypes of barley exhibit the same or different allelopathic potential?
Materials and methods

Plant materials
The seeds of five Tunisian barley (Hordeum vulgare L. ssp. vulgare), including three modern varieties ('Manel', 'Rihane' and 'Tej') and two landraces ('Ardhaoui' and 'Arbi'), and a Saudi Arabian barley landrace ('Saudi') were obtained from the National Sterilization and pre-germination All the seeds were surface-sterilized to avoid microbial contamination potentially influencing the bioavailability of allelochemicals (Inderjit 2005) . Briefly, the barley and ryegrass seeds were immersed in H 2 SO 4 (50 % v/v) for 1 h and washed five times in sterile double distilled water. Seeds were subsequently shaken in AgNO 3 (1 % w/v) at 200 rpm for 20 min and rinsed successively with NaCl (1 % w/v), sterile DD water, NaCl (1 % w/v) and five times with sterile DD water (Lanoue et al. 2010) .
Great brome seeds were sterilized according to Wu et al. (2000b) . The great brome seeds were surfacesterilized by soaking the seeds in ethanol (70 % v/v) for 2.5 min and rinsed four times with sterile DD water. Seeds were then soaked in sodium hypochlorite (2.5 % v/v) solution for 15 min followed by five rinses in sterile DD water. After sterilization, barley and weed seeds were pre-germinated on moist sterile filter paper in darkness at 22°C for 24 h.
'Seed-to-seed' experimental protocol
The allelopathic activity of germinating barley seeds was bioassayed on filter paper (12-15 lm) in a 90 mm diameter Petri dish moistened with 4 ml of sterile distilled water. Pre-germinated barley seeds were uniformly selected and evenly distributed on the Petri dish with three densities (8, 19 and 25 seeds per Petri dish). Thereafter, ten pre-germinated seeds of each weed (B. diandrus or L. rigidum) were placed regularly between the donor seeds. A treatment without barley seed was used as control. The Petri dishes were sealed and maintained in a growth chamber at 22°C in the dark. To minimize competition for water, water losses were aseptically compensated every day. The amount of the added water was estimated by weight difference of the Petri dishes between two successive days after removing seedlings of barley and weeds. After five days of growth, the weed seedlings' radicle and coleoptile lengths were measured. The bioassay was arranged as a completely randomized block design with four replicates for each treatment and repeated twice for each weed species.
'Seed-after-seed' experimental protocol In order to minimize competition for water and/or for air between developing seedlings and to determine the effect of water-soluble allelochemicals of barley roots, a new laboratory bioassay was developed and named 'seed-after-seed' protocol. The pre-germinated barley seeds (8, 19 and 25 seeds per dish) were placed in a Petri dish in the same conditions as in the 'seed-toseed' protocol. After five days, barley seedlings were removed and replaced by ten pre-germinated weed seeds (B. diandrus or L. rigidum). The Petri dishes were placed back in the growth chamber and the lost water was compensated daily as previously described. The experimental set-up was identical to that mentioned above. The radicle and coleoptile lengths of weed seedlings were recorded after five days of growth.
For the bioassay conducted with barley, pregerminated barley seeds were used both as donors and receivers, using the same genotype. The experiment was performed with four replicates for each treatment.
Stability of barley allelochemicals
To analyze the possible sources of the differences between 'seed-to-seed' and 'seed-after-seed' results, the stability of the barley root allelochemicals presumably released on the filter paper was studied. In this bioassay, 'Ardhaoui' barley landrace was chosen as the donor species based on its high allelopathic potential against weeds. After five days, barley seedlings (25 seeds per dish) were removed from Petri dishes and replaced by ten pre-germinated weed seeds (B. diandrus or L. rigidum) after 0, 2, 4 and 6 days. A randomized complete block design with four replicates was used.
Statistical analysis
All experimental data were subjected to analysis of variance using PROC MIXED of SAS package (SAS V9.1) and the subroutine PDMIX 800.SAS to compare the interaction means and main effects including Least Significant Difference (LSD) at a 5 % level of probability.
Results
Effect of the barley root allelochemicals on weed seedling establishment
In the 'seed-to-seed' assay, B. diandrus and L. rigidum growth was reduced after five days (Figs. 1, 2). Weed radicle growth inhibition (F = 176.91, df = 6, 133, P \ 0.001; F = 148.32, df = 6, 133, P \ 0.001 for B. diandrus and L. rigidum, respectively) and coleoptile growth inhibition (F = 17.13, df = 6, 133, P \ 0.001; F = 8.95, df = 6, 133, P \ 0.001 for B. diandrus and L. rigidum, respectively) were significant compared to the control from the lowest applied 'dose' (i.e. seed density) of barley, except for the coleoptile growth of 'Manel' in the condition of 8 and 19 barley seeds per dish. The results also showed that this effect depended on barley dose as barley (cv. 'Ardhaoui') density increased from 8 to 19 and 25 seeds per dish, radicle growth inhibition increased linearly and ranged from 67 to 74 % for B. diandrus and from 55 to 65 % for L. rigidum. Radicle growth inhibition after five days (inhibition average of B. diandrus and L. rigidum by the six barley genotypes were 71 and 61 %, respectively when using 25 barley seeds per dish) was higher than coleoptile growth inhibition (inhibition average of B. diandrus and L. rigidum by the six barley genotypes were 42 and 18 %, respectively when using 25 barley seeds per dish).
Both weed species (B. diandrus and L. rigidum) responded differentially to the allelopathic compounds of barley (F = 5.00, df = 5, 126, P \ 0.001; F = 5.90, df = 5, 126, P \ 0.001 for radicle and coleoptile growth inhibition of B. diandrus and F = 3.49, df = 5, 126, P \ 0.001; F = 3.66, df = 5, 126, P \ 0.001 for radicle and coleoptile growth inhibition of L. rigidum). Indeed, inhibition rates of great brome ranged from 65 to 74 % for diandrus seedlings after five days exposed to barley seedlings allelochemicals according to the 'seed-to-seed' experimental protocol. Since interaction is not significant between seed density and genotypes for radicle growth inhibition parameter, the two factors are illustrated separately into two graphics. Graph bars (mean ± SE) with the same letter are not significantly different (P [ 0.05; LSD test) radicle growth, depending on the barley genotype, and from 33 to 52 % for coleoptile growth, when using 25 barley seeds per dish (Figs. 1, 2) . Considering the different barley genotypes, the inhibitory activity of 'Ardhaoui' and 'Arbi' was higher (74 and 74 % respectively for radicle growth inhibition of great brome using 25 barley seeds per dish) than that of 'Manel' and 'Tej' (65 and 69 % respectively for radicle growth inhibition of great brome using 25 barley seeds per dish).
'Seed-after-seed' experimental protocol For the 'seed-after-seed' method, the same general trend was observed (Figs. 3, 4) . The root allelochemicals had a significant inhibitory activity on root growth (F = 43.66, df = 6, 57, P \ 0.001; F = 45.57, df = 6, 57, P \ 0.001 for B. diandrus and L. rigidum, respectively) of weeds when compared to the control from the lowest applied 'dose' of barley. However, this effect was not significant for coleoptile growth of B. diandrus (F = 0.22, df = 6, 57, P = 0.962) except for 'Ardhaoui' and 'Arbi' in conditions of 8 barley seeds per dish but significant for coleoptile growth of L. rigidum (F = 5.93, df = 6, 57, P \ 0.001) except for 'Manel' in conditions of 8 barley seeds per dish and 'Tej' for all densities. The inhibition rates were higher on root growth (inhibition average of B. diandrus and L. rigidum by the six barley genotypes were 52 and 50 %, respectively when using 25 barley seeds per dish) than on coleoptile growth (inhibition average of B. diandrus and L. rigidum by the six barley genotypes were 16 and 10 %, respectively when using 25 barley seeds per dish). The barley varieties and landraces exhibited a differential allelopathic activity against L. rigidum (F = 6.24, df = 5, 54, P \ 0.001; F = 3.71, df = 5, 54, P = 0.004 for radicle and coleoptile growth inhibition, respectively). For example, the six barley genotypes reduced radicle growth of L. rigidum by 45-54 % and coleoptile by 6-18 % when using 25 barley seeds per dish. This effect was also significant on radicle growth (F = 3.93, df = 5, 54, P = 0.002) when testing the B. diandrus. However, the different genotypes showed Fig. 2 Radicle and coleoptile growth inhibition (%) of L. rigidum seedlings after five days exposed to barley seedlings allelochemicals according to the 'seed-to-seed' experimental protocol. Since interaction is not significant between seed density and genotypes for radicle and coleoptile growth inhibition parameters, the two factors are illustrated separately into two graphics. Graph bars (mean ± SE) with the same letter are not significantly different (P [ 0.05; LSD test) no significant difference in the inhibition of coleoptile growth (F = 0.30, df = 5, 54, P = 0.387). 'Ardhaoui' and 'Arbi', displayed the highest inhibition rates (58 and 55 % respectively for radicle growth inhibition of great brome using 25 barley seeds per dish). The lowest radicle inhibition rates were obtained with 'Tej' and 'Manel' (47 and 51 % respectively for radicle growth inhibition of great brome using 25 barley seeds per dish).
When comparing the 'seed-to-seed' and the 'seedafter-seed' protocols, the inhibitory effect of the barley radicle compounds was higher in the 'seed-to-seed' protocol (inhibition average of radicle growth of B. diandrus and L. rigidum by the six barley genotypes were 71 and 61 %, respectively when using 25 barley seeds per dish) than in the 'seed-after-seed' protocol (inhibition average of radicle growth of B. diandrus and L. rigidum by the six barley genotypes were 52 and 50 %, respectively when using 25 barley seeds per dish) experimental protocol (Figs. 3, 4) and were significantly different for both weeds (all P \ 0.001; Tables 1, 2).
Effect of the barley root allelochemicals on barley seedling establishment
Radicle and coleoptile growth of barley declined with increasing seed density (8, 19 and 25 seeds per dish; Fig. 5 ). The self-inhibitory effect of barley was significant compared to the control (Table 3 ) except for the coleoptile growth of 'Manel' and 'Saudi' in the condition of 8 barley seeds per dish. This effect was more pronounced on radicle (inhibition average by the six barley genotypes using 25 barley seeds per dish was 19 %) than on coleoptile growth (inhibition average by the six barley genotypes using 25 barley seeds per dish was 11 %). The barley genotypes differed in varietal inhibition only on radicle (F = 8.49, df = 5, 54, P \ 0.001) and not on coleoptile growth (F = 0.58, df = 5, 54, P = 0.621). Both barley landraces, 'Arbi' and 'Ardhaoui', exhibited the highest growth inhibition (26 and 24 % respectively for radicle growth inhibition using 25 barley seeds per dish). However, 'Manel' and 'Tej' showed the lowest growth inhibition (13 and 16 % respectively for radicle growth inhibition using 25 barley seeds per dish). diandrus seedlings after five days exposed to barley seedlings allelochemicals according to the 'seed-after-seed' experimental protocol. Since interaction is not significant between seed density and genotypes for radicle and coleoptile growth inhibition parameters, the two factors are illustrated separately into two graphics. Graph bars (mean ± SE) with the same letter are not significantly different (P [ 0.05; LSD test) Fig. 4 Radicle and coleoptile growth inhibition (%) of L. rigidum seedlings after five days exposed to barley seedlings allelochemicals according to the 'seed-after-seed' experimental protocol. Since interaction is not significant between seed density and genotypes for coleoptile growth inhibition parameter, the two factors are illustrated separately into two graphics. Graph bars (mean ± SE) with the same letter are not significantly different (P [ 0.05; LSD test) 
Stability of barley allelochemicals
The results indicated a change in allelochemical toxicity of 'Ardhaoui' over time (Fig. 6 ). For B. diandrus, the inhibitory activity of allelochemicals towards radicle and coleoptile growth increased from day 0 to day 6 after removal of the barley seeds. This increase in inhibitory activity over time was greater for coleoptile (38 % from day 0 to day 6) than for radicle growth (29 %). The same trend was obtained for L. rigidum (49 % of increase of inhibitory effect on coleoptile, and 43 % of increase of inhibitory effect on radicle, from day 0 to day 6).
Discussion
Plant-plant interference may involve competition for limited resources but also allelopathic phenomena in which toxic organic compounds are released into the environment (Rice 1984) . The relative importance of allelopathy and competition in plant-plant interactions has been debated but seldom tested (Fuerst and Putnam 1983; Nilsson 1994; Weidenhamer 1996; Ridenour and Callaway 2001) , primarily because it is difficult to separate the effects of each phenomenon (Qasem and Hill 1989) , hampering research on allelopathy in natural and cultivated plants. Multiple   Fig. 5 Radicle and coleoptile growth inhibition (%) of barley seedlings after five days exposed to its own seedlings allelochemicals according to the 'seed-afterseed' experimental protocol. Since interaction is not significant between seed density and genotypes for radicle and coleoptile growth inhibition parameters, the two factors are illustrated separately into two graphics. Graph bars (mean ± SE) with the same letter are not significantly different (P [ 0.05; LSD test) studies have found evidence for the existence of 'seedto-seed' allelopathic effects by seed leachate or root exudates (Liu and Lovett 1993a; Kushima et al. 1998; Laterra and Bazzalo 1999; Zhang et al. 2011 ), but in most cases this experimental protocol does not exclude, on one hand, the effect of competition, and on the other hand, the possible effect of volatile organic compounds (VOCs), known to participate in plant communication and interactions (Ninkovic 2003; Kellner et al. 2010; Gfeller et al. 2013; Fiers et al. 2013 ). The present study showed that the inhibitory effect of the compounds emitted by germinating barley seeds was higher in 'seed-to-seed' than in 'seed-after-seed' experimental protocols and the difference was highly significant for both tested weed species, B. diandrus and L. rigidum. The originality of the 'seed-after-seed' method is two-fold. First it reduces the competition effect as the donor and receiver species are grown sequentially and do not compete for resources at the same time in the same growing media. Second, the 'seed-after-seed' protocol excludes the action of VOCs which might intervene when both the donor and the receiver plants are grown together in the same closed container. As the receiver plants are placed in the container after removal of the donor plants, the atmosphere of the container is 'reset' and any allelopathic effect should then be ascribed to water-soluble compounds, released by the donor or those resulting from their degradation. When comparing the 'seed-toseed' and 'seed-after-seed' effects, a third element should be taken into account, which is the possible time-course evolution of the allelochemicals after their release by the donor. These changes can be described in quantitative terms, i.e. the decay of the released allelochemicals over time, and in qualitative terms, resulting from the production of new compounds with possibly higher or lower allelopathic activities.
The two experimental protocols used in this study showed that allelochemicals of barley seedlings reduced both radicle and coleoptile lengths of B. diandrus and L. rigidum as compared to the control, after five days of growth. This effect was dependent on the density of barley seeds and was shown to be more pronounced on roots (Figs. 1, 2, 3, 4) . In fact, roots are considered as particularly susceptible to allelochemicals (Wu et al. 2000a ). Roots might be the primary target as they are in direct contact with the exuded allelochemicals (Viard-Crétat et al. 2009 ).
Based on the 'seed-after-seed' protocol, the barley varieties and landraces exhibited a differential allelopathic activity against weeds (Figs. 3, 4) . Variation in allelopathic activity was also reported in different barley germoplasms (Baghestani et al. 1999; Bertholdsson 2004; Oveisi et al. 2008; Vasilakoglou et al. 2009 ). Interestingly, in our study, the Tunisian barley landraces, 'Ardhaoui' and 'Arbi', showed the highest inhibitory effects. This might indicate a change in the ability to secrete allelochemicals as a result of the breeding of modern barley cultivars, but the low number of genotypes used in our study does not allow any definitive conclusions in this regard. Bertholdsson (2004) found a decreasing trend in allelopathic activity in Swedish and Finnish barley germplasm between the periods of 1890 to 2003, with the introduction of new cultivars. This author assumed that more than 100 years of selection and breeding have reduced the frequency of the genes from landraces conferring the allelopathic ability. However, it is worth noting that our study showed that 'Rihane', a modern and the most cultivated barley variety in Tunisia (Deghaïs et al. 1999) , has an allelopathic activity similar to that of the landraces, at least under the tested conditions showing in vitro inhibition of weed development by allelochemicals produced by young barley seedlings.
On the other hand, the two weeds seemed to respond to the allelopathic effect of barley in a similar way, although B. diandrus was marginally more susceptible in comparison to L. rigidum. The response seems to be independent of the seed size (10.4 and 2.55 mg for the dry seed mass of B. diandrus and L. rigidum, respectively), in contrast with Petersen et al.'s (2001) proposing that species with smaller seeds like spiny sowthistle seeds (0.2 g for the thousand seed mass) are generally more sensitive than larger seeded species like wheat seeds (45.3 g for the thousand seed mass).
The present research also showed that barley root allelochemicals cause some autotoxicity. Genotypic variation was also observed at that level, with 'Arbi' and 'Ardhaoui' being more autotoxic than 'Manel' and 'Tej'. Evidence of autotoxicity was first documented by Ben-Hammouda et al. (2002) using a water extract of Tunisian barley residues from roots, stems and leaves obtained from mature plants developed in the field. He found that 'Manel' was the most susceptible cultivar to the water extract of 'Rihane' residues. Oueslati et al. (2005) reported that radicle growth in 'Manel' was significantly reduced after 2.5 days, by 50 and 60 % when using 'Rihane' and 'Manel' water extracts respectively. However, in our study, this variety is the least inhibited by its own radicle exudates. This suggests that barley growth might be affected to different extents by allelochemicals released from residues of mature plants and from young living plant tissues, as reported by Overland (1966) .
Compared to its alloinhibition activity on the two tested weed species, the autoinhibition of barley was much lower. Despite the fact that all belong to the same family (Poaceae), the inhibitory action of barley was shown to be discriminant with respect to the various tested plants. Such discrimination has been reported in other allelopathic systems, like the watersoluble saponins of alfalfa reported to exhibit allelopathic effects on other plants with no evidence for autotoxic effects (Miller 1983) .
Our study of the toxicity of barley allelochemicals showed that they were more toxic over time and that this increase in inhibition was more pronounced with coleoptiles than with roots, in both weed species. Therefore, we conclude that the higher growth inhibition observed in the 'seed-to-seed' protocol, compared with the 'seed-after-seed' one, cannot be due to a decrease of toxicity of the released allelochemicals over time, but could be due to the additional effects of some volatile allelochemicals and of resource (water) competition, when barley and weed seeds are placed together in such a closed environment.
The increased toxicity of the released allelochemicals was probably due to their chemical modification. Gagliardo and Chilton (1992) reported a higher phytotoxicity in barnyard grass of the microbiallydegraded product of rye allelochemical, 2-amino-3H-phenoxazin-3-one than its precursor 2-benzoxazolinone (BOA). Maci 9as et al. (2003) showed also that wheat coleoptiles were highly susceptible to the BOA derived from the hydroxamic acid DIBOA (2, 4-dihydroxy-1,4-benzoxazin-3-one) of wheat in non sterile soil. Allelopathic effects can be altered by the metabolization of allelochemicals by soil microbes into new products with enhanced or reduced toxicity (Inderjit 2005) , but microbial action does not seem to be the unique cause of the biodegradation of allelochemicals. Indeed, the phytotoxicity of these molecules can be influenced by both abiotic (physical and chemical) and biotic (microbial) factors (Inderjit 2001) .
Based on the absence of the DIBOA compound in cultivated barley (Barria et al. 1992; Gianoli and Niemeyer 1998; Grün et al. 2005) , the allelochemical of which biodegradation was the most studied in wheat, we hypothesize that barley releases different molecules changing over time. Further work is needed to identify the allelochemicals released by barley roots and their fate in the environment. Why barley is less susceptible to its own allelochemicals than other grass species is also a question deserving further investigation. Answers to these questions are important for the future exploitation of allelopathy in innovative and sustainable weed control strategies.
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